Proteoglycans synthesized by rat chondrosarcoma cells in culture are secreted into the culture medium through a pericellular matrix. The appearance of [35Slsulphate in secreted proteoglycan after a 5 min pulse was rapid (half-time, t < 1Omin), but that of [3H]serine into proteoglycan measured after a 15 min pulse was much slower (t 120min Under these conditions cycloheximide interfered with the flow of proteoglycan protein core along the route of intracellular synthesis leading to secretion, as well as inhibiting further protein-core synthesis. The results suggested that the newly synthesized protein core of proteoglycan passes through an intracellular pool for about 70-90min before the chondroitin sulphate chains are synthesized on it, and it is then rapidly secreted from the cell. Proteoglycan produced by cultures incubated in the presence of cycloheximide and labelled with [35S]sulphate showed an increase with time of both the average proteoglycan size and the length of the constituent chondroitin sulphate chain. However, the proportion of synthesized proteoglycans able to form stable aggregates did not alter.
The average molecule contains 100 chondroitin sulphate chains and 50 keratan sulphate chains (Hascall, 1977) , but also contains a large number of short non-sulphated oligosaccharides of the O-glycosidically linked and N-glycosylamine-linked types Lohmander et al., 1980) . The average composition of a proteoglycan is thus 90% sulphated glycosaminoglycans, 2% oligosaccharides and 8% protein.
The biosynthesis of proteoglycans appears to follow the same general principles as that of other secretory glycoproteins, but no details of protein-core synthesis in chondrocytes have yet been reported. However, it is evident that in post-translational modifications the protein core has attached to it more than 10 times its weight of carbohydrate. The origin of the variation in length of the protein core and the control of the large structural variation observed in proteoglycans from different cartilaginous tissues has yet to be determined.
Proteoglycans from the Swarm rat chondrosarcoma are of high molecular weight, characteristic of cartilage. All their properties are similar to those from hyaline cartilage except that they contain no fully developed keratan sulphate chains (Oegema et al., 1975) . In its place they contain O-glycosidically linked oligosaccharides that may represent the linkage region of keratan sulphate . Cells isolated from the chondrosarcoma continue to synthesize and secrete proteoglycans when maintained in culture, and these were shown to aggregate extracellularly in the medium of the cultures (Kimura et al., 1979) .
In the present experiments we examined the effects of inhibiting protein synthesis on the rate of synthesis and secretion of proteoglycans in cultures of chondrosarcoma cells, and also the effects that this had on the structure of the completed and secreted molecule. (Heinegard, 1973) of the modified (Bitter & Muir, 1962) Cells were isolated by trypsin and collagenase digestion as described by Kimura et al. (1979) . They were plated at a density of 1.5 x 106 cells per 35 mm culture plate in Dulbecco's modified Eagle's medium containing 15 mM-Hepes, 10mM-Bes, l0mM-Tes and 20% foetal calf serum. After 24h, the medium was changed to a modified form, containing 2% foetal calf serum, insulin (0.016unit/ml) and kanamycin (IOpg/ml). The cells were maintained in this standard medium with daily changes.
Materials and methods
To follow the incorporation of [35S]sulphate into proteoglycan, a 5 min pulse was found to give sufficient incorporation, except in following the inhibition of synthesis, when a longer pulse (10min) was used. With [3Hlserine at least 10min incorporation was necessary to follow total protein synthesis, and when the incorporation was to be measured into isolated proteoglycan or chondroitin sulphate peptides, longer incorporation times were necessary (15 min and 20min respectively). In each case the time of incorporation was reasonably short compared with the rate of change in the synthesis and secretion processes being examined.
Incorporation of [35S]sulphate into culturefractions
Duplicate plates were pulsed for 5 min with 1 ml of fresh sulphate-free medium containing 5OpCi of [35S]sulphate. They were washed and chased with 1 ml of medium containing 1 mm non-radioactive sulphate. At the end of incubation, the medium was removed and frozen and 1 ml of 4 M-guanidine hydrochloride added to the plates at 40C for 1 h to extract a pericellular fraction. A residue fraction was then isolated by digesting the culture plates with 25,ug of papain in 1 ml of solution containing 50mM-Na2EDTA, 0.1 M-sodium acetate and 10 mMcysteine hydrochloride, pH6.1, at 600C overnight. Each fraction was adjusted to 4M-guanidine hydrochloride in a total volume of 2 ml and chromatographed on a Sephadex G50 column (0.8cm x 24 cm) eluted with 4 M-guanidine hydrochloride (pH 6-7) to separate unincorporated radioactivity. The elution of radioactivity was monitored and the void-volume fractions were then pooled. Oegema et al. (1975) from a rat chondrosarcoma.] They were then chromatographed on a Sepharose 2B column (170cm x 1.1 cm) in 0.5 M-sodium acetate, pH 6.8, at 40C at a flow rate of 7 ml/h. The remaining plates were extracted with 1 ml of 4M-guanidine hydrochloride and proteinase inhibitors, and samples of the extracts were chromatographed on a Sepharose CL-2B column (120 cm x 1.0cm) eluted with 4M-guanidine hydrochloride.
To determine the size of chondroitin sulphate chains, samples of combined medium and 4 Mguanidine hydrochloride fractions were dialysed against water, freeze-dried and digested with papain as described above.
Rate of appearance of P3Hlserine in the chondroitin sulphate region ofthe proteoglycan Duplicate cultures were incubated with 100,Ci of [3Hlserine and 20uCi of [35Slsulphate in 1 ml of standard medium for 20 min. They were washed and chased for up to 6 h as previously described. To stop incorporation, the cells with medium were frozen on solid CO2 and then digested with papain (24.5,ug) added in 0.4 ml of 0.4 M-KH2PO4/20mM-Na2EDTA containing 2.5 mM-cysteine; all other conditions were as described above. The digest was passed through glass wool, and the eluate placed on 'automated' DE52 DEAE-cellulose columns (7cm x 1 cm) (Handley & Lowther, 1976 culture and the secretion of 35S-labelled macromolecules into the medium was followed in pulsechase experiments (Fig. 1) . The changing distribution of incorporated radioactivity between the three culture fractions showed a rapid flow from the cell residue through the 4 M-guanidine hydrochloride extract and into the medium (Kimura et al., 1979) ; 75% of the radioactivity moved out of the cell fraction in the first 10min of non-radioactive chase, and after 60min of chase incubation 55-60% of the [35Slsulphate for 5 min and chased in non-radioactive medium for various times up to 60min. The°a ppearance of radioactivity in macromolecules excluded from Sephadex G50 columns was monitored as described in the text. At each time the distribution of radioactivity is shown in the papaindigested cell residue (S), 4M-guanidine hydrochlor- 
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radioactivity was secreted into the medium (Fig. 1) first-order exponential decay with t4 79min (Fig. 2b) Vol. 196 ( Fig. 3) . This suggested that the average time taken for the newly synthesized proteoglycan to be completely glycosylated and its glycosaminoglycan chains to be sulphated was more than 100min. As it was possible that the incorporation of P3Hlserine may have continued into the chase period, owing to the presence of significant intracellular PHiserine pools (such as [3HIseryl-tRNA), similar experiments were also carried out with the chase incubations containing cycloheximide to prevent further protein synthesis. The results showed a shorter delay (tj 80min) in the appearance of [3HIserine in secreted proteoglycan, but the total amount of [3Hiserine appearing in proteoglycan was only 30% of that in control cultures. This decrease was more than expected from limiting further protein synthesis, and it may have been caused by secondary effects of cycloheximide on the flow of nascent proteoglycan protein core to the sites of posttranslational modification (Jamieson & Palade, 1968) , or to an effect on secretion. These experiments were carried out on proteoglycans that were secreted by the cells and were present in the medium and in the 4 M-guanidine hydrochlorideextractable fraction (Kimura et al., 1979) .
Rate of incorporation of [3Hlserine into completed intracellularproteoglycan
In order to measure the time taken for newly synthesized protein to be formed into a proteoglycan, the appearance of [3Hiserine attached to chondroitin sulphate isolated from a combined cell and medium fraction was determined. Chondroitin sulphate is attached to the protein backbone of the proteoglycan at serine residues (Muir & Hardingham, 1975) (Fig. 4) . This was thus the average time taken for the proteoglycan protein core to have chondroitin sulphate attached to it intracellularly. As expected, it was somewhat shorter than the estimated average time for the completed proteoglycan to be secreted (120 min), but suggested that the chondroitin sulphate chains were synthesized only shortly before secretion rather than at an early stage of protein-core synthesis. In the cultures chased with cycloheximide, the total [3Hlserine incorporated into chondroitin sulphate peptide was only 50% of the control incorporation. The kinetics of the appearance were also different, as the initial rate was close to the control rate, but after 30min the rate rapidly decreased. This again showed evidence of interference with the intracellular transport of proteoglycans, and those proteoglycans soon to have glycosaminoglycan chains attached were possibly less affected than those at earlier stages of synthesis.
Effect of cycloheximide on the structure of secreted proteoglycan
After the addition of cycloheximide to cultures, the results showed a steadily decreasing rate of chondroitin sulphate synthesis and secretion. The effect of this on the structure of the proteoglycan was investigated. Proteoglycans labelled with [35S]-sulphate at various times after the addition of cycloheximide were extracted and chromatographed on Sepharose CL-2B in 4 M-guanidine hydrochloride. The average size of the proteoglycan was found to increase as the rate of synthesis decreased (Fig. 5a ), as over 6 h the Kd of elution decreased from 0.24 to 0.12 (Fig. Sb) . After papain digestion of the proteoglycans, the size of the chondroitin sulphate chains measured by elution from a column of Sepharose 6B also increased as the rate of synthesis decreased (Fig. 5c ). The Kd decreased from 0.52 to 0.35 over 6h (Fig. 5d) . The increase in proteoglycan monomer size was thus at least in part due to an increase in the length of the chondroitin sulphate chains attached to the proteoglycan. Further evidence of proteoglycan structure was obtained by determining the proportion of PHIserine incorporated into proteoglycan that was localized in isolated chondroitin sulphate peptides after papain digestion. There was no detectable change during the chase period in control cultures, showing that the appearance of radioactivity in the chondroitin sulphate region of the proteoglycan and in the other regions followed similar kinetics. In the cycloheximide-chased cultures there was a very similar proportion of [3H]serine in chondroitin sulphate peptides, and there was only a small change as the rate of synthesis decreased, suggesting that the number of serine residues attached to chondroitin sulphate chains did not greatly alter (Table  1) .
Effect of cycloheximide treatment on the aggregation ofproteoglycans Proteoglycans secreted by the cells into the medium have been shown to form aggregates in which many proteoglycans are bound to a hyaluronate chain stabilized with a link protein (Fig. 6 ) in the presence of excess non-radioactive proteoglycan monomer showed that more than 85% of proteoglycan formed into link-stabilized aggregates in both control and cyclo- Fraction no. (Kim & Conrad, 1980 (Robinson et al., 1975 (Hascall, 1977) . The results of cell-free translation of mRNA from chick chondrocytes suggest that the nascent proteoglycan protein core has mol.wt. 340000 (Upholt et al., 1979) . The nascent protein may contain signal consequences that are likely to be cleaved intracellularly (Davis & Tai, 1980) , but these are generally of low molecular weight (1000-3000). If the core protein synthesized in chondrocytes is of 340000mol.wt., there must be mechanisms that decrease its size and produce the variability in the length of the protein core during the intracellular processing. The constancy of the proportion of [3Hlserine of completed proteoglycan occurring in the chondroitin sulphate peptides at different times after synthesis (Table 1) suggests that the core is synthesized as a single polypeptide rather than as separate units (Hardingham et al., 1976) .
The proteoglycans that were sulphated and secreted by the chondrocytes after cycloheximide treatment formed link-stabilized aggregates in the medium as competently as did those from control cultures. This showed that cycloheximide treatment did not lead to the formation of incomplete molecules or molecules with inactive binding regions. However, examination of the proteoglycan monomers showed their size to increase as the rate of synthesis decreased, and this was related to increased length of the constituent chondroitin sulphate chains. Previous observations have shown that the length of chondroitin sulphate chains can be inversely correlated with their rate of synthesis. Thus /3-D-xylosides that stimulate chain synthesis also decrease their length (Robinson et al., 1975) , whereas lowering the temperature has been shown to increase the length (Hardingham & Muir, 1970) . The size of proteoglycan monomers can thus be influenced by the rate of synthesis of proteoglycan protein core and the activity of the enzymes involved in chain synthesis.
During the preparation of this work further independent evidence of a large intracellular pool of proteoglycan in chondrocytes has been obtained by
